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The simulation program w i l l  investigate methods o f  manual 
Rendezvous of the  Lpll with  the CSM, and meaeure p i l o t  performance 
during this phese of the mission f o r  varioua vehicle configuration8 
and modes of t h e  ES. 

The program assumes the  US4 nominally having c q l e t e d  i ts  powered 
ascent t ra jectory and coaeting i n  orbi t  with a msxlxnum reaultank range of 
30 naut ical  miles and a closing rate with respect t o  the C3M. RendeZWU8 
from 8x1 equlpariod o rb i t  w i l l  be also investigated. 

A fixed based, s ix  degree of freedom simulation is being u t i l i zed  
for t h i o  study, 
suf f ic ien t ly  instrumented for the Rendezvous mission, 
a three axis  T-bar controller,  a t ranslat ion t h r w t  controller, and 
the  neceseary EtCS mode select  switches. 
r ig id  body equations of motion, ID4 radar data equations, RCS equations, 
a t a r f i e ld  and target dr ive equations have been programed fo r  solution 
on anslog computers located in the  GAEC h d 0 g  Faci l i ty .  A special  
purpoee un i t  containing pulse modulators and logic solving devices has 
been febricated and interfaced w i t h  the computer t o  provide the  proper 
inputs t o  the  LEI4 axial forces and moment terms as e f’unction of 
e r ror  signal and control mode selection. 

The cockpit, located i n  the Wue B a l l ,  has been 
It k l s o  contains 

Six degree of freedom W 

The starfield and target  dieplay system provides the p i l o t  with 
suf f ic ien t ly  r e a l i s t i c  visual data with which he w i l l  attempt Rendezvous 
during the mre degraded modes of operation, 

The complete experimental test matrix is detailed i n  Section 5.0 
and w i l l  be ~ u n  i n  t h e  following manner. 
test matrix has been formulated consisting of basic control system 
and mass deneity var ia t ion experiments. Also included are the more 
d i f f i c u l t  Rendezvous part tasks, The results of t he  above w i l l  be 
evalusted t o  provide the  foundation for  the remaining run schedule. 

A preliminary experimental 

8 
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2.0 IrlTROWCTION 

The ny~& Rendezvous portion of the LDlmisaion w i l l  be investigated 
i n  two d i s t inc t  s-imulatiors. 

The Phase A study, providing &sign infonaation t o  the var iow UM 
er@neering groups, w i l l  be run i n  its e n t i r e t y  a t  GAEC wiry: svrrilable 
"in-house" equipment. This program is kaown as the Rendeevous SFmulatlon 
I I A  and is described i n  this report. The run schedule Will cQrmoBnc6 In 
w s t ,  1'963 and run a minimum of two months, 

The Base B Rendezvouo Study w i l l  be a part of the  ISB Descent, 
Ascent and Abort  Simulation. m e  aims of the Rendezvous portion of the 
I I B  simulation include checkout of available LEN hardware, FMGS hardware 
and evaluation of the  latest Rendezvous and t r a i n i n g  technique@, Major 
f a c i l i t i e s  t o  be u t i l i zed  include a fixed base tEEl prototype cabin, 
higher qual i ty  visual  dieplaya, a three axis fli&t table, 8 combined 
amlopdigital computer system and the necessarj peripheral eqpipnent. 
The program is scheduled t o  beein formal operations March 1, 1H end 
be completed December 31, 1364. 

2.1 Objectives of' the Simulation 

The major objectivets of the manual Rendesvaus I I A  SlmuJ.ation 
are t o :  

1) m l u s t c  manual ~end~zvoue mtho8~  including line of  s ight  
nuUiw, r w g e  aad rarqe rate nullin& and oombhtione o f  
the two  tat varioue intervale,  
Determine p i lo t  perfoxmama i n  tcna of -1 and t ime 
consumed, terminal range, and raws rate for Ronderwe &am 
equiperiod, low thrust, and nminal copplanar traJeotorics, 
canrmencirg 20 t o  30 miles f'rom the CSM. 

Verify systems operabili ty In Various degmded m o b s  re- 
quiring manual operation and make any recormmandstlonrr for  
system design lag?rovements. 
oporation for  manual f l i g h t  contrpl are; 

4 
b) 

C )  C3.I  radar guidsnce, voice corr~nente; attitude dieplay 

2 )  

3) 

The varioua levels of f'unctiona: 

Radar w i m e j  full instrument tuap~ay  (FWW failure 
Radar twiitance ; partial inotnunent display 
(PIGS and a t t i t u d e  indicator failure) 

(PNGS and Id!N radar fuilure) 

indicator f a i lu re )  
F l igh t  Control Sjstem Mode6 with simuLeted noise; 
for single and dual fa i lures  in  RCS with both jet  on 
a i d  jet off  conditions 

VISUal midanae; 1?D display (PWB, radsrj 8 @tfItUde 4 
4 

Other objectivcs of this s h l a t i o n  are t o  r;leasure pilot/syatcm 
performance f o r  1m53 densit; variations and t o  adjust the FCS dead- 
band t o  s t u a  vehicle response and p l l o t  handling character is t lce .  
In  addition, the simulation w i l l  nma8ur8 Rendesvo~e detection 
c i i U ~ c t e r i s t i 2 3 ,  attit\rclei =%e, w e ,  and rate limits 
a:iO response character is t ics  and t ra inixx time requirements. 
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3.0 SMIJurpION DEGCRIPTIOIV 

me mador coaponente (Figura 1 ) uti l laed are a IB4 cabin 
mock-up, 8 v i e u a l  dieplay coneieting o f  ct, e ta r f i e ld  and taxget 
generatore, four Analog computers eolving t h e  neceeeary equations 
and a WIS modulator and Je t  logic  box. These are dzecribed i n  
greater  detail below. 

3.1.1 LPM Cabin Mock-up 

Tho UN cabin mock-up, s i tua ted  in the Blue B a l l  (Figure 2 ), 
contains the fixed base crew s t a t ion  Kith t h e  necessary Rendezvous 
mission instruments, right handed a t t i t ude  control ler ,  l e f t  handed 
t rans la t ion  control ler ,  and RCS mode select ion panel. No attempt 
has been made t o  u p d a t e  the design configuration of t he  cabin 
t o  t h e  present LEM configuration. 

7.1.1.1 Cabin Instruments 

3.1.1.2 

The following information l e  presented t o  t h e  p i l o t  aa an 
aid i n  Rendezvous on the cockpit inetnuaent panel as in Figure 3 
The inetrumnt  scal ing and per t inent  data le deta i led  i n  Table 1 . 
Various Instrument failure modee w i l l  be accomplished on the Analog 
computer. 

Controllers 

A three-axis T-handle f inger  t i p  control ler ,  attached t o  
the  r igh t  arm of the p i lo t  seat, is provided fo r  a t t i t u d e  control.  
A bu i l t - i n  e l e c t r i c a l  dead zone c i r cu i t  ( s i m l a t i n g  the actual  
cont ro l le r  detent switches) allows the s t i c k  dead zone t o  be 
adjuuted t o  minimize unwanted cross-coygling, Motion beyond t h i s  
dead zone produces a l inear  voltage &8 8 function of posi t ion as 
shown i n  the  control ler  cal ibrat ion cUme (Figure 4 ). I n  the 
a t t i t u d e  hold mode, the aontrol ler  output provides proportional 
r a t e  carmnsnde with the a t t i t u d e  hold occurring when the s t i c k  re- 
tzn,a tc! ~ e . . r l ,  n?ll throw sens i t i v i ty  has been set i n  thie mode 
at  10°/sec, In  the d i rec t  minimum impulse t r a i n ,  minimum impulse 
one-shot o r  on-offmodes, t he  proper output i e  generated when 
motion beyond the  dead zone occurs. 

The left handed t ranslat ion control ler ,  attached t o  t h e  
instrumentation panel 8s i n  Figure 3 , No. 1, provides three 
axis t rans la t ion  control. The t rans la t ion  control ler  is capable 
in  the  d i r ec t  mode of e i ther  on-off, minimum impulse t r a i n  o r  
minimum impulse one-shot J e t  coimnds. 

L 
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3.1.1.3 RCS Mode Selection and PiaLAulction Detection Panel 

(Figure 5 ) is located on the f h n t  w a l l  of the cockpit aa ahown 
i n  Figure 3 I No. 8. The RCS mode selection portion of the panel 
allowe the p i l o t  t o  select  the following modee of control: 

The Nf3 Mode Selection and Malfunction Detection Panel 

1. Rotational Motion 
a. Attitude Hold (Closed Imp) 
-b. 
c. Direct "On-Off" (Open Imp)  

Direct Minlmum Impulee Train (Open IoopJ 

- /  

2. Translational Motion 
a. 
b, "On-Off" (Open b o p )  

Minimum Impulse Tra in  (Open b o p )  

The present configuration of t he  modulator and je t  logic  box and 
t he  analog program allows the pilot t o  switch between the open 
loop modes and from closed loop t o  open loop moaee but not from 
open loop t o  closed loop control w-hile i n  flight. %%e ro ta t iona l  
and t ranslat ional  one-shot modes may only be selected froan the 
control panel on the  modulator and je t  Logic box. The mode of 
a t t i t ude  control can be selected on an individual axis barsis, 
while t rans la t iona l  control i n  the three axis m a t  be i n  t h e  same 
mode. The au tma t i c  and a t t i t ude  command modes and the desdbtrnd 
se lec t  switch shown i n  Figure 5 have not been instd.led.  The Mal- 
flrnction Detection Panel presently contains jet p a i r  shutoff 
switches w i t h  l i g h t  indicators t o  ahuw what switches have been 
thrown. 

-- 
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3.1.2 Visual Display 

The visual display, consistine; of the atarfleld projector and 
target generator, i.6 mounted on top o f  the LPM cabin (Figure 2 1 
The starfield projector provides stars o f  approximataly one inch 
diameter on the inner sphericalsurface of the Blue Ball. Thia  is 
accomplished by an approximate point l ight  8ource inaide FI one foot 
diameter perforated ephere. The target generator providee a target 
I w g e  one half  inch in size at  thirty nauticd milea that grows 
proportion8lly as the range decreases. 
second o r  a constant target image is available, 

the two Inner elmbals containing the target generator. 
are the approximate gimbal limits in  the various pi lot  axis: 

A blink mate of twice per 

The display system i s  mounted in a five-sxis gimbal 8ystem, 
The followlng 

1. Starfield p i t ch  230° 

2.  Starfield roll :30° 

3. Starfield yaw :30° 

4. Target pitch +_30° WRT Starfield Pitch Gimbal 

5.  Target yaw +l5' WEiT Starfield Yaw G i m b a l  - 

G R U M M A N  A i R C E A f i  F H G i N E E R l N G  C O R P O R A T I O H  
t n a . 7 ~  



3.1 .3  Prop;rsmmed Equation6 of Motion 

The equations of motion are diecussed i n  this section 88 t o  
t h e i r  derivation, assumptions involved and method of prograplsming. 
A description of the  vl8ual display drive and i n a t m w n t  drive 
equations i s  also presented. me aasunptions made f o r  t h i s  6 h -  
ula t ion  are as follows: 

a. The E24 is assumed t o  be i n  a c i r cu la r  lunar orbit. 
b. The r e l a t ive  distance between the LEM and C M  i S  688Umed 

t o  be amall  compared with the CSM o r b i t a l  altitUae. 
c. The r e l a t ive  angular displacement between the  LR4 and - 

C§M with respect t o  the moon center  is aernuned t o  be 
amall.. 

d; Reaction j e t  fuel consumption during the r e n d e z m s  
mission is assumed t o  cause a negligible change i n  
LFM maas, iner t ias ,  and C.G. position. 
The exhaust gases are assumed t o  have'no sngular velo- 
c i t y  with respect t o  the LIM. 

Jet danrping forces are assumed t o  be negligible. 
The reaction j e t s  w e  aesumed t o  have no thrust m i m l i g n -  
ment . 

e. 

f. 

g. 

The resul t ing equations of motion are shown i n  block ais- 
gram form in f igure 6 > and the  coordinate s y s t e m  referred to 
i n  the block diagram are i n  figures 7 th roughl l  . 
origin a t  the moon's geometric center, with the  M-plme coin- 
ciding w i t h  the  moon's equatorial plene and the Z - a x i s  coincid- 
ent  with the  moon's spin axis.  I h e  local v e r t i c a l  axm 
shown i n  figtam2 7 move with the  IBf, with t h e 6  - axis pointing 
away from the moon's center d r l  and 3 a x e s  pointing east and 
north, reepectively. The relationship between t h e  i n i t i a l  body 
axes (si t yBi 

(1) describe the re la t ive  poaition of the w i t h  respect t o  
the CSM, and contribute t o  the  calculation of the relative 
velocity between the t w o  vehicles. With t he  t rans la t iona l  equa- 
t ions  developed i n  t h i s  form, the  need is eliminated t o  first 
compute each vehicle 's  i n e r t i a l v e l o c i t y  and posit ion of the  two 
vehicles. The geometry of the  t rans la t iona l  equations is shown 
i n  figure 9 . 
I;EM body axes. Producte-of-inertia terms are included i n  the  
equations so t h a t  the  effects  of var ia t ions i n  C.G. posit ion and 
inertias on vehicle handling qual i t iee  m y  be investigated. 

The i n e r t i d  (XYZ) coordinrrte aystem i n  figure 7 has its 

Zsi ) and loca l  v e r t i c a l  is shown i n  figure 8 . 
The t rans la t iona l  equations of motion, derived i n  reference 

The ro ta t iona l  equations of motion are referenced t o  the 

Figure loshows the order of N e r  angle rotat ion used i n  
the  analysis. 

REPORT UD- 570-3 
August 5, 1963 
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C A G f  13 

(Continued) 

Azimuth and elevation angles to the line of sight are 
referenced to t h e  ZB axis a6 shown in figure 11 because of the 
pilot'8 orientation to the LFI4 ZB axis. 

configuration shown in figure 14. 
The equations in Figure 6 are baaed upon the Ut4 RCS Jet 

Figure 12 (a  (C 1) showe the Analog aimlation of the equations 
o f  motion, starfield drive and target drive equations. 

Reference : Burri, H ,  U. : "Linearize 
(1) Equation8 of Mot-m o a 

M a s  Par t ic le - in  a Central Force Field", 
RCS Systems Memo 



3.1.4 Reaction Jet Control System 

This section presents a summary of the Reaction J e t  Control 
Syrrtem eimulation. 

Fig. 13 shows a schematic diagram of the t rans la t iona l  and 
ro ta t iona l  control syetans indicating the modes attainable in  
each and the  feedback loops of the s tab i l i ty  aueplentation mode. 
The t rans la t ion  control is capable i n  the  d i r ec t  mode o f  either: 

e) on-off 
b) minimum impulee t r a in ,  o r  
c )  minianm! impuTLee one-shot jet command. 

- -  

The rotat ion control i s  capable of e i the r  d i r ec t  mode 

a )  on-off 
b)  mininnrm impulse t r a in ,  o r  
e) minimum impulse one-shot J e t  command 

The s t a b i l i t y  augmentation mode is capable o f :  

a)  

The rate gyro loop and the  a t t j t ude  gyro loop may be f a i l e d  

pulse r a t i o  modulation jet camand. 

f o r  investigative puq'oses . 
The attitude gyro loop is operated by a function relay, 

which under normsl operation, transmits this signal when the rate 
command is within the dead zone of the  ro te t iona l  control ler  but 
prevents its transmission when any r a t e  command is activated. 

An analog block d i a g m  of the  control system external t o  
the modulator box and logic box is preeented i n  Figures E?(a-e) 
These figure8 indicate the analog computer equipment required to :  

* 
a )  

b) 
c )  provide t o t a l  and sect ional  propellant mass flow, and 

d) 

generate the signals necessary t o  act ivate  the reaction 
jet pulses, 
form the summation of axial body forces and mmepts, 

provide an auxiliary osc i l l a to r  f o r  a dynamic frequency 
response check of the problem. 

The reaction j e t  pulses a re  generated by the Modulator Box. 
This box consis ts  of sol id  state c i r cu i t ry  capable of accomplish- 
ing the  following by individual selection: 

a )  Pulse Ratlo Modulation 
b) &-Off Control 
c )  MlnirmM Impulse Train 

G R U M M A N  AIRCRAFT E N G I N E E R I N G  C O R P O R A T I O N  
'i 
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3.1.4 (Continued) 

d)  Minimum Zmpulse One-Shot Control 

The attitude o r  ro ta t iona l  control is capa l e  of operating 
i n  modes a, b, c and d. Mode a requires both the absolute value 
and the value of t h e  error signal from the analog computer t o  produce 
a pulse r a t i o  modulated t r a i n ,  .Modes b, c, and d o erate on computer 
s ignals  d i rec t ly  from the  p i l o t ' s  ro ta t iona l  controf ler ,  

i n  Modes b, c and d In  response t o  computer signals directly 
f r o m  the pilot's t rane la t iona l  control ler .  

The t r ans l a t ion  or axial control is capable of operating 

The Modes a, b, c and d of the Modulator Box are described 
below : 

3.1.4,l  Mode ''a" - W e e  Ratio Modulation 

This mode has a b a i c  minbum impulse width of 6 m i l l i -  
seconds with provielon t o  select addi t ional  minimum pulse widths 
i n  increments of 6 milliseconds up t o  a pulse width of 30 m i l -  
liseconds. 

The pulse frequency is a function of the pulse width such 
tha t  the product of the two varies d i rec t ly  with normalized error 
up t o  t h e  point of saturat ion which is full on. h e  following 
sketch illustrates this operation: 

3 .1  0 4.2 Mode "b"- - On-Of f Control 

modulator box which provides a binary level s igna l  t o  the logic 
box . 

This mode i s  a direct  signal f r o m  cont ro l le r  through the  

R E C O R l  m- 570- 3 
August 5 ,  1963 
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Ihis mode provides both a fixed pulse width and fixed pulse frequency 
The pulse frequency is  selected frcm a range of A.an 1 pulse/second t o  
5 wses /eecoM.  
milliseconds t o  30 milliseconds. 

The pulse width is  selected fr~m a range of m m  i 

The output is a continuous t r a i n  operating a t  the selected pulse 
width and pulse frequency f o r  a s  long a s  the control ler  is  displaced. 

THRUST O m  

.-- -t 

3.1.4.4 Mode"d" - Minimun Im ulse One-Shot Control 

This mode has a pulse width capabi l i ty  of from 6 milliseconds to 30 
A single  pulse of the selected pulse width i s  generated milliseconds. 

f o r  each control displacement. 
# 

The modulator box is  fi t ted with indicator lights which show the  
The Logic Box performs a d i s t i n c t l y  d i f fe ren t  task  operating mode. 

than the Modulator Box but i s  physically located within the same 
housing . 

The function of t h e  logic box i s  t o  se lec t  e l ig ib l e  reaction J e t s  
for f i r i n g  dependent upon p i l o t  control ler  inputs and specific f a i l u r e  
switch sett ings.  

The log ic  box is  comprised of eolid s t a t e  c i r cu i t ry  which operates 
i n  response t o  birrery levels "0" ,?ld * "1" xfiich w e  set by p i l e t  c m -  
t r o l l e r  inputs through the analog computer. These binary leve ls  are 
fed t o  a system of Boolean statements (shown i n  Table 2) which i n  
turn  ac t iva te  the e l ig ib le  jets f o r  f i r ing .  

The log ic  box i s  capable of introducing a J e t  f a i lu re  t o  any of the 
16 react ion jets and an indicator to show p i l o t  selection of a j e t  pair 
failure. 
operation of the control system modulator box and logic  box p r i o r  
t o  production running. 

Table 3 i l l u s t r a t e s  the t e s t  matrix u t i l i zed  t o  check t h e  

The p i l o t  has a three a x i s  t rans la t iona l  control ler  mounted at h j s  
l e f t  hand position. 
switches which transmit a fixed l eve l  signal t o  the analog computer 
upon closure of each of the X, Y, and Z axis  switches. bun ted  a t  the 
p i l o t ' s  r ight  hand i s  his  a t t i t ude  or ro ta t iona l  controller.  This pm- 
vides a rate colmnand signal t o  the analog computer proportional to  the 
displacement of the controller about each of the three a t t i t ude  axes p, 
q and r. 
which may be adjusted for compatibility with mechanical slop and p i l o t  
fee l .  
each elcie. 

sl or  trurelstional minimum lmpulae one shot moder. 
b. invbsti&ed during the I U  RendezVoun etrmllation. 

This control ler  consists basical ly  of three micro- 

This controller has an e l e c t r i c a l  dead band b u i l t  in to  it 

.Figure 4 shows  a position vs. r a t e  command cal ibrat ion curve f o r  

Preaent configuration of the LEM FiCS doe6 not u t i l i z e  the rotatla 
Thio mode w i l l  not 

119.71 



C - 1 ena'Le 400 lbs  along X; C = 0 enable 200 lbs  along X 

A - enable j e t s  parallel  t o  X-axis 
Subscript 1,2,3,4 identifies Quad. I, 11, 111, IV 

A = 1 n o m  operation; A m 0 inhibit firing 

B *. enable pair o f  jets in Y-2 plane, each Quad subscript identif ies  Quad No. 

Jet  palr isolated . 

3 o 1, 0 - Same as for A 

F - 

L -J 
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I 4 CONTROLLER 
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i I 

(+X Translation) 

One-Shot --- 

x2 

( -X Translatior 

(+Y Translatio 

~ - 

One -Shot 
. - - . . . . 
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TABLE 3 

LEM F@3DEZVOUS SIMULATOR CONTRfXLER AJD LOGIC CHECK LIST 
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X 
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X 
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X 
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0 
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0 
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0 
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0 
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0 
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0 
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0 
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4.0 DATA RlscoRDINC m I p I o B E  

The Sirmllrtlon output data w i l l  be svmllable in tvo forma, Analog 
voltages on s t r i p  chart recorders and, x-y plotter6 and digital printout 
fraan s digital processing of Apalog tapee. 

Thlrty-elght a t r i p  chart recorder channels w i l l  be uvailabla t o  . 
record the requested da!h 88 a f’unctlon of time. 
monitor the more! c r i t i c a l  portions of the sinl7Ation t o  . I I ~  proper 
operation. Two x-y p lo t t e r s  will be u t i l i zed  t o  p lo t  rcqusclted 
pcmuneters ae a function of 8 program variable other th.n tine. 
Seven chsnnsls of Analog tape will be time-shared by u e  of speclal  
purpose multiplexers, A-D conversion equipment (located at the Peconic 
f s c l l i t y )  and other peripheral equipment t o  generate thirty-two 
c d l e  of digital printout,  This data w i l l  verify the terminel 
rnadir14.g~ that are made at the end of each Rendezvous run a t  the re- 
quest of the deeign groups. The data in t h i e  fonn WiU allow a more 
qualltatlVe analysie of the recorder parametera during the total run. 

The various design gruups concerned with the subject matter of 
t he  experimental test na t r lx  have selected their required parameters 
and the method of recording. The selections have been evaluated as 
t o  ava i l ab i l i t y  and the recording form requested. 
appeared A-cmn this evctlua$lon Mve been sa t i s f ac to r i ly  reeolved. 

The design groups requeeting data have been directed t o  have 
cognizant personnel available t o  monitor the t races  ea the t e a t  
matrix runs of Interest are being performed t o  assure proper data 
recording and simulation solution. 

Unused chuwla w i l l  

- _- 

Conflict8 that 

. 
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5.0 MpERzMapAL TEST PUN 

5 . 1  purpo se 

The major concern of this simulation is to determine the range of 
expected pilot performance for accomplishing Rendezvous under tbe 
various vehicle configurations and multiple malf'unction conditions 
proposed. The trajectories followed will minimize noncoplanar condi- 
tions while evaluatfng alternate flight control chsractetlstics under 
manually guided Hen&zvoua. 
programmer of fuel expenditures and some of hie visibility Foquire--- 
ments will aleo be investigated. In this rection a m  confained the 
information summation and requirements of those groups interested in 
the Rendezvoue simulation. 
groups precludes resolution of them within the two month experimental 
period. Hence a priority has been established t o  achieve a maximum 
possible benefit f rom this phase A simulation. 
a review of the simulation will be conducted to determine priority, 
experimental design, and/or vehicle changes which effect the conduct 
of the experiment. 
will be implemented. 

Man's ability to act 88 a manager and 

The number of problem8 posed by these 

Every three weeks 

The neceasary and feasible chmges in the uimuldtion 

5.2 erimental Description 

5.2.1 General 

The number of variables to investigate is large and hence an 
# integrated study of them all simultrneoualy becomes unwieldy. A 

series of smaller experiments is piannea with t ie  aim of developing 
one or two "best" systems for evaluation during the I IB  simula- 
tion effort. . 
three investigations are preliminary ones designed to aid in defining 
and tuning up the simulation system. 
be used to determine human performance data. 
be conducted in the following order: 

Two discrete types of experiments will be performed. The first 

The next two experiments will 
The experiments will 

Preliminary Investigations 

1. Determination of Mass Density Property Effects on the FCS 

2. 

3. 

Establishment of Flight Control System Characteristics 

Validation of Rendezvous Trajectory Techniques 

Human Performance Investigations 

4. Pilot Performance in Achieving Rendezvous under Varying 
Degrees of Information Degradation. 

5.  Pilot Performance with Flight Control System Degradations 
Where it became6 feasible, portions of experiments will be combinec 

0 REPORT LED- 570- 3 
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5.22 Subject Program 

Each pilot participant will be subjected to the following 
program: 

1, Indoctrination 
2* 
3. 
4, mtrainiq in Rendezvous task 
5. Qualification in Rendezvous twk 
6. ExperinentaI tests 

-training in part tmk eegments 
Qualification in part task segwnte 

Zn the indoctrination *-e, 8 verbal description of the 
Rendeevoue problem, the limitations of the simulation, the flight 
control system and its dynamics, the vehicle configurationr that  the 
8ubject will be flying, and the criteria he has to maet for each 
pmt task repent and all task will be given, A brief resume o f  
the tasks required will a lso  be given. The eubject will be 8hom 
the mimulator and each control and display function and operation 
will be explained. The automatic traJectory, nomslly used for the . 
dynamic check, will be used as a demonstration of an acceptable 
Rendezvous, Critical point8 in the traJectory will be shown to 
the aubJect aa well a6 how the wrioue displayr f’unction during a 
dynamic situation. 
starfield displays and their respective motions as the LFM acbiwee 
Rendezvous 

Of special Interest will be the target and 

Part taak training will be concerned with four task segments: 

1. Nulling LDS rates 

2, 

3. &wing one correction step. (Control WE rate, Range, 

4. 

Bringing ranee and range rate to specific values 

Range Rate) 

W i n g  a series of correction steps 
* 

Two different methoda of visually nulling l i n e  of si&t rates w 
be t a W t  to the sub.ject6 until auch time as a decision is made 

11 

ConceGing the one beet technique. 
will be taught. 
%aught in which the window shall only be wed a8 a check on the 
inatrumeatrr. 
be limited to a single method. 
achieved In the two above listed part taake, the subject is to follow 
a specific schedule of correction steps as a function of range f r o m  
some target, e .@; . ,  the CSM. 

Thereafter, only the beet technique 
In sddition, an all instrument technique will be 

Instruction in controlling range and range rate will 
Once some proficiency has been 

To define at least one c o m n  point on their respective learning 
curves, each subdect will qualif‘y in each of the the tasks described 

rate criteria for each t a s k  in at least three out of five attempts. 
The Wested criteria follow: 

B b Y e i  Qcrslificetien Ee&?.e aeetir!! ceTct-ain t lmej ?2el, ecc’L?xFy3 and 



5.2.2 Subject Program (Cont.) 

lbtlmated Qwl i f i c a t i o n  Criteria 

e and Rmge Rate Null IOS Rate Control Fbng 
0 

Time 15 seconds 300 seconds 

’ Fuel (AV - f p s )  5 fps  400 fRs 

+lo f p s  .. Accuracy +IO .. millirad/sec,  

Note: Range change is 5 naut ical  miles; Range Rate change is 
1 mile/minute 

The subjeot will be asked t o  apply his basic s k i l l s  of nu l l ing  . l i n e  of 8ie;ht rates and controll ing range and range r a t e s  t o  various , 
t raJector lee ,  d i f fe ren t  in i .b ia l  conditione, as part  of h i s  future  
prefsaining i n  Rendezvous. Increased comgetance In the part troks 
will be e-ected a6 additional tminlng i n  a l t e m t e  t r a j e c t o r i e s  
is provided. 
qualify each eubJect i n  a t  least two s e p k t e  t r a Jec to r i e s  i n  each 
o f  t h e  various Rendezvous techniques. 

The last step i n  the t r a in ing  sequence will be t o  

5.3 Em e r b n t a l  Designs 

5.3.1 Esrp eriment One - Mass Density Effects 

ally developed, w i l l  be used while the  following are varied: 
position6 o f  t he  center of wavl ty ,  one moment o f  inertia se t ,  and 
three  products of inertia sets. Pl lo t  performance w i l l  be determined 
for a twk conparable t o  control l ing range and range mt+by  measuring 
p i l o t  a b i l i t y  t o  a t t a i n  a precise posi t ion and a t t i t ude ,  h i s  fue l  
coneupt ion t o  perform the task, and the t h  per n\n. 

An estimate of propellant usage, as the  center of gravity 
posi$lon i s  changed and a8 the products of i n e r t i a  are varied, is 
required to provide data on the  h e 1  usage f o r  the t o t a l  Rendezvous 
task.  
Table 4 Figure& , Ac6 Jet Moment Anas Definit ion and Teble 5 
RCS Jet Moment Anns bngths  f o r  Expriment One, details the 
charac te r i s t ics  of t h e  RCS jet moment arms for this experiment. 

For this eqerirnent, a nominal flight control  eyetem, analyt ic-  
Six 

b 

A eiequence of test mne t o  obtain t h i s  data ie presented i n  
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5.3.2 - riment Two: Fli&t Control System Characteristics 

To establish the beat rret of operating characteristic8 of the 
night control sy8tem for the Randeevoue simulation, a aeries o f  
run8 will be made wing a nulling the line of sight rate task t o  
verify 3W response characteristice and define vehicle b a d  eones. 
Table 6 presents the series of m ~ n s  and the characteristic6 to be 
evsluated per runr 

m r t l o n a l  rate camand with and without attitude hold and direct 
W e  traln and onloff reaction control modes .will be wed to 
establish fl ight control handling characteristice, 

. 
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5.3.3 pspe rimsf Three: Rende2m Trejectoq Chu9cterioticr 

The pupoee of this experiment is to establieh efficient 
techniques for achieving munaal  mode Rendesvoua A.an tmjecbry 
position8 at which the vehicle lllay be (and r t i l l  RsnB60mU@) for 
an initial range of 20-30 nautical miles Aom the UW. 'Ihree 
trajectories, employing three sets of initial conditions, v i l l  be 
InvestigateU. of them be considered typical k.()cn?tories 
and one abort (90 'synchronous or equiperiod orbit) i n  h i a h  
the vehicle does not attempt to -bnd on the lunar #urC'acc, but paeeerr 
through pericynthion and cossta to the vicinity of %he poiat of - 
prior separstion from the CSM. 
tory characteristics, this investigation will be divided into four 

To establish the mast derirsbla trajeb- 

p&S a6 f O u O W S :  

1. 
2. 
3. Rendezvous Technique6 
4. Correction Step Sequence 

Nulling Line of Sight €Wee 
Range and Renge Rate Control 

* 
5.3.3.1 Nulling IDS Rates 

Two methods of nulling I1)6 rate6 will be investie;ated to 
determine which method is m s t  efficient fram a time viewpoint, 
coneumee the least amount of fuel, and enables the pilot to main- 
tain nulled IDS rate6 met precieely. One of the two UXS methods 
introduces the subject to the restrictions imposed by the Primary 
IImrIgation and Guidance System IMU on the vehicle rotationa which 

In other words, YW Glmba& lock can occur 
if the "X" body axis is rotated txj -&thiii 25 
to the orbital plane of the CM. 
8 discontinuity in the attitude information presented to the 
pilot occurs in a similar condition, but does not result tn a 
gimbal lock situation. 
the case where the R.imary Guidance System is functional, but the 
m ~ n  is Plying the vehicle. The effect on IOS Method Two is to require 
that the smallest component of the line of sight rate to be nulled 
by pilot rolling the vehicle. It l e  the pilot's decision, which compc 
nent should be nulled, i.e., which i e  the smallest one. To aid him 
in making this decision, the IJ.6 type indlcator which display6 the twc 
comgonents of inertial line of sight rate will have eight areas noted 
in which directions will be given 86 to pilot roll rotation. Hence, 
when the two needles intereect within one of these eight areas, the 
pilot need only follow directions. Table 7 represents the run 
schedule for this phase. 

3 can be tolerated. 
of being gerpendiculsr 

In the BBckup Guidance Syrrtem, 

Hence, it is only necessary to look at 
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TABLE 7 

- 
IIECHNIQUE IDS Method One W Method Two 

S a m C E  

1 

w & W k  P i l o t  Roll Pi lot  Roll J vehicle to vehicle t o  
w & W k  J 

zero W ; to aero t o  zero 
J ooncur- one cow- ZeXQ wkj 

rerztly onent at translate tr€bn6l&C 
ti time t a  zero W t o  zero Wk* . 

* j' m, 
I JI 

I 
TRAJECrOffY I.C. 90' 140' 90' ilh0 90' 140' 90' 140' 

amch -2% eynchlZ$ synch 2% synch, -2% 
.. I 

\ - - -. 
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Cerminal Positions 

lleloc i t ies . 
[Terminal ) 8 s  

Cnitial  

%s i t ion  & 

llelocit ies 

h = .65,000 f't. 

z = o  

30 fps 75 fps  

0 0 0 0 

G =  16,000 ft, 

h =  

z =  

s =  

& =  

R =  

80,000 f%, 

0 

100 f p s  

0 

150 f p s  

CN6.71 
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5 . 3 . 3 . 3  Rendezvous Techni qua 

1.c.. 
TraJectory 

The desireabi l i ty  of controlling range and range rate 
p r io r  t o  nulling the l i n e  o f  eight ra tee  ~$11 be studied by 
following the schedule listed in Tableg, A complete Rendez- 
vous t ra jectory w i l l n a t  be used herein; only a l imited por- 
t i o n  of the t r a j e c t o w  is neceeeary, 

180' Nom. 140° 

-2s Thrust 

I I Technique 

Correction 

steps 

Schedule 

( b n g e  points 
i n  nautical  mile4 

ONE 

20 20 20 20 

16 15 16 15 

12 10 I 2  10 

a 5 a 5 
2 4 2 4 

1 1 1 1 

Two I I 

20 

16 

I Sequence I 

29 

15  

I a) W Rate Control 

a 
4 
1 

IDS Rate Control 

5 
'3 
L 

1 

5.3.3*4 Correction Step Schedules 

The V a r 1 0 U 6  correctfon s tep  schedules fo r  each i n i t i a l  
condition set  w i l l  be investigated by having the p i l o t  sub- 
j ec t s  f l ~  complete Rendezvous t r a j ec to r i e s ,  Each correction 
Step, cwapoaed o f  a nulling o f  line of sight rates and 8 
briwing o f  range and range ra te  tc agecific values, will 
be introduced as a function of raqe f r o m  t he  CSM. Two differ- 
en t  schedules o f  correction steps will be used, Table 10 
represents the run sequence, 

TABLE 10 

I C0RRFX;VTION STEP SEQUR?CE 

90' Synchronous 

I 1 I I I 
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5.3.4 EbgerimcatFaur: Degraded Inforaration Btndazwue 

It is t h e  intent of this experbnont t o  determine man's 
perfommnce if all the information he rewires t o  achieve 
Rmdecraus is not available o r  I s  not presented i n  t h s  most 
expeditiouie form for h i s  iPraediate we.  A n d d  160 cen- 
tral angle t r ans fe r  t r s j t c t o r j  will be used upon which t h e  
i n i t i a l  conditions w i l l  be based for AiLl t ra jec tory  runs. 
The flight control  system mode wed w i l l  be Rste Cormnand w i t h  
A t t i t u d e  Hold. ,Three different  task8 w i t h  four level8 of 
displayed information w i l l  be presented t o  the pilot. Failures 
which when introduced result in the degraded information levels, 
range f r ~ m  a pr imary  ~ a v i g e t i m  and midance system (m) 
failure t o  a concurrent breekdowa of €%#3, A t t i t u d e  Indicator 
and the Rendezvous Radar. 

0 

0 

LNG 7 3  

1. 

2 .  

3. 

4. 

5 .  

Information level  "l'4one" (See Table 11 ) is equivalent 
t o  a PNCS failure o r  a choice by the man t o  f l y  t h e  
vehicle manually. A l l  vehicle systems are operational; 
trll necessary Rendezvoue informetion is presented t o  
the p i lo t .  Hence, this condition provides base d a t a  w i t h  
which t o  compare 1m'8 performsnce i n  the degraded mdes. 
lkck of a t t i t ude  information (0,  # , y )  r e s u l t s  from 8 
failure of the PNCS and the  attitude indicator.  Hence, 
t h e  control  system is  maintained in  a rate command 
w i t h  a t t i t ude  hold mode,  but the p i l o t  i s  denied body 
attitude position information. 
A radar sys-tem failure (A,E,W ,W ) eliminates all l i ne  

of s igh t  radar information except t h a t  provided by t h e  
CSM radar. Said radar can provide range, range rate, and 
t o w  l i n e  of s ight  inertial rate (w) via t h e  canmnuli- 
cat ion l ink .  The observer will take t he  part of the 
CSM p i l o t .  
In  the last mode, a v i s u a l  Rendezvbus is hypothesized. 
Multiple failures must have occurred i n  order f o r  man 
t o  re ly  on a visual rendezvous technique; t h i s  includes 
failures of the PNGS, Radar and Attitude Display. The 
f l fgh t  control mode remaina as Rate Commsnd w i t h  A t t i t u d e  
Hold. 
The t h r e e  types of task  perfonnences required cxf' the 
subjects (under the four  information levels) include : 
a) 
b) 
c ) 

3 k  

M l i n g  Line of s igh t  Rates 
Controlling Range and Range Rate 
Flying Complete Rendezmus WaJectories. 

The first two tasks w i l l  be used to determine accuracy l O S S C 6  
due t o  the degraded infonaation available along w i t h  the cos ts  
i n  time and f u e l  t o  accompliah each maneuver. The lest taak 
w i l l  reprer~ent a sumnation of the individual t r a j e c t o r j  part 
tasks t h a t  were investigated plus the obtainintl; of performance 
data for  the whole Rendezvous task. Table ll lists the pos- 
sible infomation degradation conditionc. Two visual Rendez- 
vous methods are presented after the table. 
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5.3.4.1 Visual Hendezvous Method One 

1, 

2.  

3. 

4. 

5 .  

6. 

7 .  

8. 
9. 
10 . 
11. 

12, 

13 
14. 

Detect CSM Fn the s ta r f ie ld .  
P i lo t  yaw vehicle t o  bring CSM t o  window ( r e t i c l e )  cen-erline. 
P i lo t  p i tch  vehicle up o r  down 'to bring CSM t o  window ( r e t i c l e )  
center. 
Monitor distance between reference s t a r ( s )  and CSM f o r  a t  least 
t e n  seconds. 
Thrust along "y" body axis i n  t he  direct ion of motion t o  bring 
Wk component t o  zero. 

Monitor distance between reference star(s) and C 3 4  f o r  a t  l e a s t  
t en  secondo. 

. 

Thrust along "x" body axis i n  t h e  direct ion of CSM motion t o  bring 
W component t o  zero. 

Monitor star reference - CSM distance, 
Maintain CSM i n  center of display. 
Maintain distance between star reference(8) and CSM constant, 
Decrease range and range rate accordinl: t o  schedule by firing 
"z "  body axis j e t s .  
Monitor posi t ion of CSM WAT the  star reference(s). 
Repeat steps 1-12 as required. 

J 

Return vehicle t o  "Neutral" poslt ion,  

G P ' J M M A N  A I R C I I A F T  . N C I N L ~ P I N C  C O P P C P A T I O U  

L 



1. 

2. 

3. 

4. 

5. 

6. 

7. 

a. 
9. 

10. 

u. 

u. 
13 

14. 

Pilot yaw vehicle t o  bring C9M to window (reticle) csnkr line. 

pilot pitch vehicle up or down t o  bring c8H to 
center. 

Piiot 
linea of window (reticle). Direction of pilot roll is determlxmd by 
the position of the C 9 1  and the reference axis on the reticle, Roll 
$ward the a i s  which is nearest to the CSM. 

MDnitor distance between reference etar(e) and CSM for a beet Ian 
seconbs. 

Thrust al~ag *Y body a x i e  in it.irecOibn of incruas;? or cli.craesc of 
etar-CSM distance. 

(raticle), 

to bring starfield an@ C ~ M  motion -1 to trartis@ --, 

Monitor efiar reference - C6M distence. 

Wintain CSM in center of display. 

Maintain starfield-CSM' mtion parallel to vertical lines on window 
(ret ic le )  . 
Maintain distance between s t a r  reference and CSM conatant. 

Decrease range and range rate according t o  schedule by firing "z" 
body axis Jets. 

Monitor position of CS44 WRT the star reference. 

Repeat steps 1-12 as required. 

Return vehicle to "Ifeutral" position. 



5.3.5 Ea erlment Five: FCS Degradation Runs 

This etudy w i l l  be conducted t o  orsluafe mm(s performMce 
under vewylng modes of',Ilanual flight control i n  tho coaducf o f  part 
and whole task Rendezvous. Four FC9 mod00 wdthrW leMl0 of 
electrlcal mifa noiee will be introduced into the inveetlgation, 
The mitenoise i e  fed into the flight control syetena at the 
Junction o f  the command and feedback signals from which the error 
ai- i s  genereted, Table l2 l e  the run echedule, 
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0 

0 

5.3.5 lnPa riwatrlve: m'Degrsdr tion mlns (bat.) ' >  , 

AB a rcprrrte segment of this ua evaluation of 
mc~n'a ab i l i ty  to  &tact and matt t o  an "on" type Jet hilum wu1 
be conducted. Ihc  standard nulling f1)8 rat- md and m e  
rate control task vi11 be wed a8 the tssk fram which nm&eureawnta 
of perforrmrncs w i n  be made. Teblc 13 ie the nan B c h e d u l e .  

Jets failed "on" ultimstcly naurt k turned off. In th le  
Sirmllntion the eight toggle switcher are ured t o  turn oef Jet 
coupha. Hence, e.@;., if jete  5 and 9 fail, then ~ c t a  5 and 8 in 
Quad 11 an8 9 and 12 in Quad 1x1  would rmot be available. Jeta 

Thie is neceseary ea a eafety precaution (in the red world). 
Table14 lists each toggle switch elad the jete it can tuhl off ,  
Figure11 iresents the jet configuration by number and quad. 

_ _ _  
failed " O f f "  must a 8 0  be turned Off VfS b&&& 6wifch08. 
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Jets Affected 

l a 3  

TABLE 14 

JET COUPLB "ON-OFF" C O m L  

Gyetem 

A 

Toggle Switch 

I 

Iv 

I 

I1 

111 

IV 
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a 

Mcasurar, of LF&I performance fall into tvo c8kg0rierr: Whole 
turk and p.rt taak performance. 

* 
1. Whole T88k measures are as follows: 

r 
2. fhrtTa#kmeeaureaare: 

Tkpe to detect CSM in Starfield (meaeured frcm xwn 
start t o  precise pointing of ' ' ~ " b ~ d y  axis at C ~ r a )  
Time to perform correct action for "on" type Jet 
failure. Time for "off" type failure. (Run @tart 
to quad shut off) 
Tis# t o  null Io8 rate to 0.1 milliradians/second 
Tine to bring rurge and Fange rate to specific valuee. 
Accuracy w i t h  uhich w e  snd range rate can be m t  
to specific valw. 
Number of runs required to train subdect t0 a specific 
criteria. 
WCS fie1 txmmmed per null IDS rate 
RCS fuel mnsrmped per range and range m- wnr?sction 
B b P  
Accuracy w i t h  *I& IDS rate of 0.1 mlllrd can be 
maintained for unit time period. 

O I U Y Y A N  A I R C R A F T  f301NEERINC C O R I O R A T I O N  
cao-?a 



moe 44 
I d 

5.5 -mrbe&a Conait ion0 

4braa rstr of initlal crrrditiorv are pmaentd in %We 14 
for each of t& eeveral t w r i c r  of i-t in this aimlation. 
They repreeent approaches to the CBa frmp three of tb. four -ta 
in the plant of the  C8H orbit. 
m ~ ~ u l l  appmhes Aom the louer lef't, lower right, and qpper right 

Ln terms of CMM caordlnatea, thi8 

h m d  qurpdrrrnts will be the only oms 8inualated. . 

_- 
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5.6 ~sta Procraaing ~ r n d  Aaaly sie 

on which analyses w i l l  be perfomed, 
listed in 
-le R#M and w e  calculated, 
perfonaance will be W y z e d  wing tlae srulyelr of 
ni~, f'ran which 8ources of dwiation A.aa ahsnoe hrppcraiage can 
be detsnnined, Predlotiva etatemente about pi lo t  pcrrfonarrpca in 
the Rsndecww taek OM be maQ Wed on these UY4.mrr An IE4 
7094 Analyeis o f  Vhriance Rogram io rvulhble with *ich w i d  
data u v l y s i r r  C M  be Berformsd. 

Separate me em re^ o f  vehicle perf'onmnue w i l l  be rec?orc&d 
Ibrawtarrr amamwed an 

A. Selected parameters will bsvs the data 
6oac pertinerrt momure of  

tmh- 
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CSM 

D i r e c t  

e eat 

PCS 

FPS 

IC 

A milling o f  thc inertial 
and a bringing of the fsMIcBd Fbhtirr, 
Range ate to eptclfic lmhlef3 

xsp6 of @tat nr- 
u x l  

An orpea bop, acceleration camsnd attituas control 
mode 

Normalized Bah;lration Error 

F l i g h t  OoIlrtrrol System 

FULL Miasion h@neering Simulator 

Feet per second 

Pulse mquancy (pulses per second) 

In i t ia l  Condition 

Indicated Line of Sight 

Inertial Measuring Unit 

A t t i t -  Controller Sensitivity (asin) - 
Modulator Qin 



O W S A R Z  (Coatlrmad) 

I QUAD 

mito Robe I I.. With mepcctto 

Flight Control Eyetom Dtuwing a t l o  

Pl1a;ht Control System Time Coastant (eecoads) 

m e e  width (mt~seconds) 

Reaction Jot Tine Consfsllt (seconds) 

night Contra1 System Natura3 h.equ~ncy (radhne 
per second) 



Body h i e  Force 1 LbS. 

I 
I 1 

Ucsl V a i o s l  Porce , LbSo 
nr Dlreotlon 

I + I "."- 
1 

Lbe -&uel Verticcl Force 
F%z r~ Dlreotion - - 7 .  

Direction ~oeinea, m y  - 1 -. 
4 4 2  1 , to Incal Vertical 

1 

Ft/& I r t i v e  Acceleration *I 

;e t o  CW Orbit 
1 1 c. 

Ralabtive Angular Radiane I S  Displacement 

r w/* Apollo Orbital Anmila cr;; Velocity 
1 ' .  

I 1 -  

J F~/EW Relative Velocity in 
Xn Direction 

" 

I Y I 
1 1 

1 
.__ 

Relative Velocity i n  
'/4r Yg Direction 

' 

Relative Velocity In . A  Ft/%ac 
+3 Za Direction 

. 

I - -, 

, Line o f  8iet Velocity L/J 
1 

Line o f  S i g h t  Velocity R / a a  4 -  Along k& Axis  

Wne o f  sight Inertial 

Wne of S i g h t  Rsd/SeC 

'A"gu1" Velocity 

. 
Azimuth Angle Rad 4 

F M  Elevation Angle 
L 

I 1 
I 
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